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Abstract

Lobostemon fruticosus (L.) H. Buek is an indigenous South African medicinal plant valued
for its traditional therapeutic uses; however, information on its phytochemical variation
and pyrrolizidine alkaloid (PA) content across geographical populations remains limited.
This study investigated the secondary metabolite composition and PA accumulation in
nine biological samples (three geographical locations × three biological replicates) of L. fru-
ticosus collected from Rhodes Memorial, Doringrivier, and Grootnek Fontein in the Western
Cape Province between January and March 2025 using untargeted UPLC-QTOF-MS and
targeted LC-MS/MS, with values presented as mean ± standard deviation (SD). A total of
15 secondary metabolites of different classes were putatively annotated. Seven compounds,
including kaempferol, jaceidin 7-rhamnoside, schizotenuin F, senburiside III, cosmospo-
raside B, lirioresinol A, and (−)-steganacin, are reported for the first time in L. fruticosus.
Significant geographical variation (p < 0.05) was observed, with Doringrivier containing
the highest relative abundances of rutin (4815.60 ± 18.96 mg CE g−1 DW), rosmarinic acid
(3846.89 ± 285.78 mg CE g−1 DW), and rabdosiin (5142.10 ± 651.00 mg CE g−1 DW). Six
of the ten targeted PAs were detected, with lycopsamine N-oxide being the predominant
alkaloid (3.89 mg kg−1 in Grootnek Fontein). Principal component analysis explained
97.2% of the total metabolomic variation (PC1 = 72.6%; PC2 = 24.6%) and clearly separated
the three geographical populations. The OPLS-DA model showed strong discrimination
among populations (R2X = 0.725, R2Y = 0.998, and Q2 = 0.994), supporting the presence
of location-specific chemotypic differences. The observed chemotypic differences may be
associated with variation in soil properties, climatic conditions, water availability, altitude,
and nutrient status among the study sites. Collectively, the results provide a foundation for
chemotype selection, quality control, conservation, and the safe medicinal utilization of
this species.
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1. Introduction
Lobostemon fruticosus (L.) H. Buek is a perennial woody shrub indigenous to the

Western Cape Province, South Africa, and belongs to the Boraginaceae family. The plant
has long been recognized in traditional medicine systems and was highly valued by the
Khoi-San, early settlers, and Malay communities, who prepared herbal teas from its leaves
and consumed them regularly for the maintenance of general health and wellbeing [1].
Traditionally, L. fruticosus has been used internally for the treatment of gynaecological
disorders, stomach ailments, internal ulcers, blood poisoning, and uterine cleansing [2,3].
Externally, the leaves are commonly fried in sweet oil or animal fat to prepare topical
ointments used for the management of skin-related conditions such as wounds, ringworm,
eczema, syphilis, erysipelas, swellings, and other inflammatory disorders [4–8]. Despite its
official LC (Least Concern) status, wild populations of L. fruticosus show signs of decline
in certain areas because it is widely used as a traditional Cape remedy, and the leaves
and stems are mainly traded in “muthi” markets within the Eastern and Western Cape
provinces of South Africa [5]. Although a maximum of approximately 15 kg of wet plant
material per population may be harvested, continued reliance on wild-harvested material
could potentially threaten this species [5].

Previous phytochemical studies on the leaves and twigs have identified 16 secondary
metabolites belonging to several phytochemical classes, including flavonoids, terpenoids
and glycosides, phenolic acid derivatives, phenylpropanoids, lignans, and other special-
ized metabolites [9,10]. Many of these compounds exhibit antioxidant, antimicrobial, and
anti-inflammatory activities, which may contribute to the plant’s traditional medicinal
uses [5]. Studies have also reported the presence of pyrrolizidine alkaloids (PAs), which are
characteristic of the Boraginaceae family and are associated with hepatotoxicity, nephro-
toxicity, mutagenicity, and carcinogenicity [11–14]. Specifically, lycopsamine-N-oxide and
lycopsamine were identified in L. fruticosus extracts [9], while a recent study reported
additional PAs at concentrations ranging from 53–169 mg kg−1 [10].

Secondary metabolite production in medicinal plants is strongly influenced by envi-
ronmental and geographical factors, including climate, soil physicochemical properties,
altitude, water availability, and other abiotic stresses [15]. These factors can alter biosyn-
thetic pathways and consequently affect both the qualitative and quantitative composition
of bioactive compounds [16]. Such variation is particularly important for medicinal plants
because it influences the quality, efficacy, safety, and standardization of herbal raw materials
intended for therapeutic and commercial applications [17]. These observations emphasise
the need for further phytochemical investigations to evaluate both the therapeutic potential
of L. fruticosus and the influence of geographical variation on its secondary metabolite
composition. This knowledge of phytochemical variation is important for supporting
the sustainable cultivation and conservation of this species. Moreover, chemotyping can
contribute to the characterization of phytochemical profiles in wild plants and assess
whether the development of cultivation strategies can help reduce dependence on wild
harvesting [10]. Although phytochemical profiling of L. fruticosus has previously been
reported [9,10], no study has evaluated the metabolomic variation among wild populations
collected from Rhodes Memorial, Doringrivier, and Grootnek Fontein while simultane-
ously assessing chemotypic diversity and pyrrolizidine alkaloid distribution. Given that
environmental conditions can substantially influence secondary metabolite accumulation,
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additional investigations of wild populations from different locations remain necessary.
Therefore, the aim of this study was to investigate the secondary metabolite profiles of wild
L. fruticosus populations collected from three locations within the Western Cape Province,
South Africa. This study contributes to the growing body of research on medicinal plants
of the Western Cape and forms part of an ongoing research programme focused on the
phytochemical characterization of South African indigenous flora.

2. Materials and Methods
2.1. Chemicals and Reagents

Reagents and solvents utilised in this study included methanol (CH3OH, Romil LC-
MS grade), formic acid (HCOOH, ≥98%), and acetonitrile (CH3CN, Romil LC-MS grade),
all of which were obtained from Microsep, Johannesburg, South Africa.

2.2. Sampling Sites and Collection of Wild Lobostemon fruticosus

Lobostemon fruticosus leaves were collected between January and March 2025 from three
mountainous locations within protected areas of the Western Cape Province, South Africa:
Rhodes Memorial (33◦57′03.2′′ S, 18◦27′26.0′′ E), Doringrivier (33◦49′57.8′′ S, 22◦12′20.5′′ E),
and Grootnek Fontein (33◦48′51.4′′ S, 22◦09′16.7′′ E) (Figure 1). Plant material was collected
under CapeNature Plant Collection Permit No. CN35-28-35757. Voucher specimens were
prepared and taxonomically authenticated as L. fruticosus (L.) H. Buek by Mr Mashudu
Nndanduleni (SANBI, Kirstenbosch National Botanical Garden, Cape Town, South Africa).
A voucher specimen (Voucher No. ARC-LF-001) was deposited at the Agricultural Research
Council (ARC), Infruitec-Nietvoorbij, Stellenbosch, South Africa. A trained CapeNature
ranger further assisted with field identification and sample collection.

 

Figure 1. Map of South Africa showing sampling points in the Western Cape Province (Google Maps,
version 26.17.03).

Soil samples were collected from each study site using a zig-zag sampling pattern
where ten bulk subsamples were taken with a soil auger at a depth of 30 cm. The samples
were stored in brown bags for subsequent air drying, sieving and testing. Soil nutrient
analyses (Table 1), including phosphorus, potassium, magnesium, manganese, zinc, cal-
cium, and sodium, were conducted at Bemlab, Somerset West, South Africa. The available
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phosphorus was determined using the [18] method with modifications, while cation ex-
change capacity (CEC) and exchangeable bases were measured using the ammonium
acetate extraction method. Soil pH was determined in a soil-water suspension (1:10, w/v)
using a calibrated pH metre. These sites were selected to capture environmental variability
that may influence plant growth and metabolite profiles. The selection criteria for these
areas included differences in soil pH, moisture, temperature, altitude, light exposure and
general soil characteristics, which are known to affect secondary metabolite accumulation
in medicinal plants [15].

Table 1. Physical and chemical properties of topsoil (0–30 cm) of Lobostemon fruticosus harvest sites.

Parameters
Locations

Rhodes Memorial Doringrivier Grootnek Fontein

Physical properties

Type Loam Loam Sand
Water holding 10 kPa (%) 34.09 14.28 12.34
Water holding 100 kPa (%) 24.17 6.81 4.78
Water holding mm/m (%) 99.26 74.67 68.34

Chemical properties

pH KCl 5.3 4.6 4.9
H+ (cmol(+)/kg) 1.24 2.63 0.64
NO3 (mg kg−1) 1.8 1.8 0.45
P (Bray ll) (mg kg−1) 6.7 9.6 15.9
NH4 (mg kg−1) 8.5 14.7 11.8
C (WB) (%) 3.83 4.59 0.64
Soil Organic Matter (SOM) (%) 6.59 7.90 1.10
S Am.acet (mg kg−1) 9.0 9.8 6.1
Cation Exchange Capacity (CEC) (cmol/kg) 11.13 9.05 2.10
Na a (%) 3.23 1.15 6.69
K a (%) 7.64 0.97 12.65
Ca a (%) 57.33 68.95 40.56
Mg a (%) 21.80 10.05 13.38
T Value a (cmol/kg) 12.38 13.92 2.39
Acid Sat. a (%) 10.05 18.92 26.82
Klip (% (v/v)) 6.1 41.3 18.72

a: parameters derived from base saturation percentage.

Among the three sites studied, samples from Doringrivier and Grootnek Fontein were
collected from plateau-like sections of the mountain at approximately 540 m and 560 m
above sea level, respectively. These areas receive approximately 657 mm of annual rainfall
distributed throughout the year, with average temperatures of approximately 21 ◦C. In
contrast, samples from Rhodes Memorial were obtained from a steep area exposed to the
ocean breeze at approximately 200 m above sea level. This area falls within a winter-rainfall
region receiving approximately 686 mm of annual precipitation and average temperatures
of 25 ◦C. Plant material was collected from a 3 ha demarcated area in accordance with
the CapeNature permit. Ten plants were randomly selected within the designated area,
and samples were collected by cutting the twigs of each plant with leaves attached using
pruning shears (Figure 2B). The samples were placed in brown paper bags and promptly
transported to the Agricultural Research Council (ARC) Infruitec-Nietvoorbij, where they
were air-dried at room temperature on the laboratory workbench for two weeks to prevent
discoloration. The leaves of the dried plant material were separated from the twigs, finely
ground, and stored in glass vials at 4 ◦C until further use.

https://doi.org/10.3390/horticulturae12080957

https://doi.org/10.3390/horticulturae12080957


Horticulturae 2026, 12, 957 5 of 23

 

Figure 2. (A) Lobostemon fruticosus in its native habitat and (B) the collection of plant specimen using
pruning shears. (Photo by Mashabela, 2025).

2.3. Methanolic Extraction

At each geographical location, leaves were collected from nine randomly selected plants
within the designated sampling area. The collected material was used to prepare three inde-
pendent biological replicates, each comprising a composite sample of leaves collected from
different individual plants. Each biological replicate was extracted and analysed indepen-
dently by UPLC-QTOF-MS, resulting in a total of nine biological samples (three geographical
locations × three biological replicates). Approximately 0.25 g of dried, finely ground L. frutico-
sus leaf material from each biological replicate was accurately weighed into a 15 mL Falcon
tube and extracted with 10 mL of 50% (v/v) methanol containing 1% (v/v) formic acid in water.
The extraction was performed in an E-UC13-HD-D Eins Sci ultrasonic bath (Sigma-Aldrich,
Johannesburg, South Africa) operating at 300 W and 35 ◦C for 30 min. Following sonication,
the extracts were continuously agitated on an orbital shaker for 24 h. The extracts were then
vortex-mixed and centrifuged at 5000× g for 10 min using a Hermle Z160M centrifuge (Hermle
Labortechnik, Wehingen, Germany). The resulting supernatants were filtered through 0.22 µm
Millipore syringe filters (Merck Millipore, Johannesburg, South Africa) and stored at −20 ◦C
until UPLC-QTOF-MS analysis.

2.4. UPLC-QTOF-MS Analysis and Semi-Quantification of Secondary Metabolites

High-resolution metabolite profiling was performed using a Waters Select Cyclic
IMS quadrupole time-of-flight (qTOF) mass spectrometer coupled to a Waters Acquity
Ultra Performance Liquid Chromatography (UPLC) system (Waters Corporation, Milford,
MA, USA) following the method of [19]. Data were acquired in negative electrospray
ionization (ESI−) (Figure A1) mode with a desolvation gas flow of 800 L h−1, a desolvation
temperature of 275 ◦C, and a cone voltage of 20 V. All remaining instrument parameters
were optimized to maximize sensitivity and mass accuracy. Data were acquired in MSE
mode using low-energy (4 eV) and elevated-energy (40–100 eV) acquisition functions to
obtain precursor and fragment ion information over an m/z range of 100–1500. Sodium
formate was used for instrument calibration, while leucine enkephalin served as the lock-
mass reference to ensure accurate mass measurements throughout the analysis.

Chromatographic separation was achieved using a Waters HSS T3 column (2.1 × 100 mm,
1.8 µm). Mobile phase A consisted of 0.1% (v/v) formic acid in water, while mobile phase
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B consisted of 0.1% (v/v) formic acid in acetonitrile. The injection volume was 0.5 µL.
The gradient program commenced at 2.5% B for 0.5 min, increased linearly to 44% B over
7 min, followed by an increase to 100% B over 12 min, a 0.5 min wash step at 100% B, and
re-equilibration to the initial conditions for 2.5 min, resulting in a total run time of 15 min.
The column temperature was maintained at 60 ◦C and the flow rate at 0.35 mL min−1.

Untargeted metabolite profiling was performed using the UPLC-QTOF-MS dataset.
Semi-quantitative analysis was conducted using an external calibration curve prepared
from catechin standards (0.5–100 mg L−1) and processed using TargetLynx, version 4.2
software (Waters Corporation, Milford, MA, USA). Since authentic reference standards
were unavailable for all detected metabolites, metabolite abundances were expressed as
catechin equivalents (CE). These values represent relative estimates of metabolite abun-
dance and should not be interpreted as absolute concentrations of individual compounds.
Differences in ionization efficiency and detector response among metabolites may influence
response intensity; therefore, the reported CE values were used exclusively for comparative
assessment of metabolite accumulation among the three geographical populations.

Raw UPLC-QTOF-MS data were processed using MS-DIAL (version 5.0) and MS-
FINDER (version 3.5) (RIKEN Center for Sustainable Resource Science, Kanagawa, Japan)
for peak detection, retention time alignment, deconvolution, normalization, feature extrac-
tion, and metabolite annotation. Each detected feature was characterized by its mass-to-
charge ratio (m/z) and retention time. Where required, MS2 spectra generated in MassLynx
were exported as .csv files and further analysed using SIRIUS to improve structural inter-
pretation and metabolite annotation [20].

Metabolite identification confidence was assigned according to the Metabolomics Stan-
dards Initiative (MSI) guidelines. All metabolites annotated from the untargeted UPLC-
QTOF-MS dataset, including selected pyrrolizidine alkaloid-related features detected during
profiling, were classified as MSI Level 2 (putatively annotated compounds) based on accurate
mass measurements, MS/MS fragmentation patterns, literature comparison, and database
matching using MS-DIAL, MS-FINDER, MoNA, PubChem, and SIRIUS. Targeted LC-MS/MS
analysis was subsequently performed for selected pyrrolizidine alkaloids (PAs) to confirm
their occurrence and obtain accurate concentrations using authentic reference standards.
PA-related features detected during the untargeted UPLC-QTOF-MS profiling were further
evaluated through targeted LC-MS/MS analysis to provide complementary qualitative and
quantitative information on PA distribution among the geographical populations.

2.5. Chemometric Data Analysis

The UPLC-QTOF-MS data obtained from L. fruticosus leaf extracts were subjected
to multivariate statistical analysis to investigate metabolomic variation among the three
geographical populations and identify discriminating metabolomic features. The processed
feature matrix generated in MS-DIAL, consisting of aligned and normalized metabolomic
features defined by their mass-to-charge ratio (m/z) and retention time, was exported for
chemometric analysis using SIMCA-P+ version 13.0 (Umetrics, Umeå, Sweden).

Principal Component Analysis (PCA) was initially performed as an unsupervised
approach to evaluate intrinsic sample clustering, identify potential outliers, and assess
overall variation within the metabolomic dataset. Orthogonal Partial Least Squares Dis-
criminant Analysis (OPLS-DA) was subsequently performed as a supervised classification
method to maximize separation among geographical populations and identify metabolomic
features contributing to population discrimination. Model performance was assessed using
cumulative explained variation in the predictor matrix (R2X), explained variation in the
response matrix (R2Y), and predictive ability of the model (Q2).
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Variable Importance in Projection (VIP) scores were used to identify the most influen-
tial metabolomic features contributing to group separation. The corresponding discriminat-
ing features were subsequently interpreted based on metabolite annotation obtained from
accurate mass measurements, MS/MS fragmentation patterns, and database matching
using MS-DIAL, MS-FINDER, MoNA, PubChem, and SIRIUS.

2.6. Targeted LC-MS/MS Determination of Pyrrolizidine Alkaloids (PAs)

Composite leaf samples representing each L. fruticosus geographical population were
analysed for pyrrolizidine alkaloids (PAs) at the Central Analytical Facility, Stellenbosch
University (Stellenbosch, South Africa), using an Acquity UPLC system coupled to a Xevo TQ-
S Micro triple quadrupole mass spectrometer (Waters Corporation, Milford, MA, USA). For
targeted PA determination, leaf material collected from the ten randomly selected plants within
each geographical population was combined to prepare one composite sample per location.
Therefore, PA analysis was performed at the population level and was used for comparative
assessment of PA occurrence and abundance among the three geographical populations.

Approximately 2 g of finely ground leaf material was weighed into 50 mL centrifuge
tubes and extracted with 5 mL of water:methanol:formic acid (50:25:1, v/v/v). Samples
were sonicated for 1 h at room temperature and centrifuged at 13,000 rpm for 5 min. The
supernatants were transferred to 2 mL microcentrifuge tubes, and a 1 mL aliquot of each
extract was collected for LC-MS/MS analysis.

Chromatographic separation was performed using an Acquity UPLC BEH C18 column
(100 × 2.1 mm, 1.7 µm particle size). The mobile phase consisted of solvent A (0.1% formic
acid in water) and solvent B (1% formic acid in a mixture of 49% methanol, 49% acetonitrile,
and 2% isopropanol). Gradient elution and chromatographic conditions were performed
according to the method described by [21].

Quantification was conducted in multiple reaction monitoring (MRM) mode using
authentic lycopsamine and lycopsamine N-oxide reference standards (Phytoplan, Vesten-
bergsgreuth, Germany). Optimized precursor-to-product ion transitions were used for
each analyte, and peak areas were normalized against the deuterated internal standard,
senecionine-N-oxide-D3. Concentrations were calculated using external calibration curves
generated from authentic reference standards. A total of ten targeted pyrrolizidine alkaloids
were screened in the leaf extracts.

Unlike the secondary metabolites detected through untargeted UPLC-QTOF-MS pro-
filing and expressed as catechin equivalents (Section 2.4), pyrrolizidine alkaloids were
quantified using authentic reference standards and are therefore reported as absolute con-
centrations (mg kg−1 dry weight). The targeted LC-MS/MS analysis was used to validate
and quantify PA occurrence, complementing the untargeted metabolomic assessment of
chemical variation among geographical populations.

3. Results and Discussion
3.1. UPLC-QTOF-MS Identification and Annotation of the Secondary Metabolites

A total of 15 secondary metabolites were annotated at Metabolomics Standards Ini-
tiative (MSI) Level 2 in the 50% aqueous methanolic leaf extracts of L. fruticosus using
UPLC-QTOF-MS over a retention time range of 4.69–9.59 min (Table 2). Metabolite an-
notation was based on accurate mass measurements, MS/MS fragmentation patterns,
comparison with the published literature, and database matching using MoNA, PubChem,
MS-DIAL, MS-FINDER, and SIRIUS. The annotated compounds comprised several major
phytochemical classes, including flavonoids, phenolic acid derivatives, phenylpropanoids,
lignans, sesquiterpenoids, and fatty acyl glycosides, demonstrating the diverse secondary
metabolite composition of L. fruticosus.
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Table 2. Putative Annotation of Secondary Metabolites in Lobostemon fruticosus from Different Geographical Locations in the Western Cape.

Compound
No Rt (min) Tentative

Identification
Experimental

Mass [M-H]-m/z
Calculated Mass

[M-H]-m/z
Mass Error

(ppm)
MS/MS Fragment

Ions (m/z) Formula Ontology Doringrivier
(mg CE g−1 DW)

Grootnek
Fontein

(mg CE g−1 DW)

Rhodes
Memorial (mg CE

g−1 DW)

1 5.41 Cirsimaritin 313.0717 313.0718 −0.2 163.0266; 183.0110 C17H14O6
7-O-methylated

flavonoids 16.97 ± 0.61 b 10.30 ± 2.11 c 22.69 ± 2.32 a

2 5.92 Globoidnan B 537.1046 537.1039 1.4
179.0352; 295.0611;
313.0714; 357.0610;
197.0458; 339.0510

C27H22O12 Caffeic acid oligomer 3449.69 ± 59.51 a 3582.69 ± 99.60 a 1273.44 ± 49.93 b

3 6.28 Rutin 609.1459 609.1461 −0.3 197.0467 C27H30O16
Flavonoid-3-O-

glycosides 4815.60 ± 18.96 a 4095.59 ± 170.34 b 759.86 ± 46.93 c

4 6.64 Rabdosiin 717.1455 717.1461 −0.8 229.0139; 243.0283
243.0283 C36H30O16

2-arylbenzofuran
flavonoids 5142.10 ± 651.00 a 4398.16 ± 124.51 a 1255.87 ± 184.74 b

5 6.80 Schizotenuin F 551.1190 551.1195 −0.9 161.0119;
179.0137 C28H24O12

Phenylpyruvic acid
derivatives 261.78 ± 9.76 a 284.07 ± 8.90 a 96.16 ± 17.39 b

6 6.85 Kaempferol 285.0403 285.0405 −0.6
118.0100; 133.0159;
139.0420; 146.0118;

157.0103
C15H10O6 Flavonols 48.58 ± 2.91 b 44.71 ± 2.70 b 79.19 ± 1.56 a

7 7.16 Sagerinic acid 719.1615 719.1618 −0.4 135.0977; 161.0600;
197.0453; 359.0770 C36H32O16 Cyclobutane lignans 1990.83 ± 11.24 a 1331.93 ± 74.89 b 713.98 ± 18.48 c

8 7.23 Jaceidin
7-rhamnoside 505.1363 505.1352 2.3 100.2138;

242.3571 C24H26O12
Flavonoid-7-O-

glycosides 63.59 ± 2.20 b 24.94 ± 0.05 c 95.01 ± 17.28 a

9 7.29 Rosmarinic acid 359.0784 359.0772 3.2 135.0452; 161.0247
179.0352; 197.0459 C18H16O8

Coumaric acids and
derivatives 3846.89 ± 285.78 a 3289.76 ± 870.83 a 1953.26 ± 109.68 b

10 7.47 Lirioresinol A 417.1558 417.1555 0.7 100.1444;
283.0624 C22H26O8 Furanoid lignans 32.91 ± 0.08 b 53.55 ± 7.07 a 40.64 ± 3.66 b

11 8.05 Smiglaside B 953.2726 953.2721 0.5 100.1762;
256.9495 C46H50O22

Pentacarboxylic acids
and derivatives 22.59 ± 0.30 b 15.13 ± 3.52 b 144.05 ± 30.77 a

12 8.21 Senburiside III;
(-)-Senburiside III 983.2828 983.2827 0.1 100.0661;

206.6485 C47H52O23 Hydrolyzable tannins 85.762 ± 1.22 c 149.72 ± 20.54 b 181.97 ± 12.63 a

13 8.31 Globoidnan A 491.0985 491.0984 0.3 135.0437 C26H20O10
2-arylbenzofuran

flavonoids 692.13 ± 6.16 b 835.08 ± 51.23 a 588.09 ± 4.73 c

14 9.03 -(-)-Steganacin 455.1350 455.1348 0.5 188.0453 C24H24O9 Lignan lactones 1.88 ± 0.16 b 40.85 ± 13.22 a 13.11 ± 1.05 b

15 9.59 Cosmosporaside B 459.2600 459.2600 0.1 184.9793 C23H40O9 Sesquiterpenoids 56.29 ± 1.83 a 33.61 ± 8.54 b 24.69 ± 1.36 b

Values expressed as mg CE g−1 DW (dry weight) represent semi-quantitative relative abundance estimates derived from calibration against catechin and should not be interpreted as
absolute metabolite concentrations. Because response factors differ among compounds, values may exceed 1000 mg CE g−1 DW. Data is presented as mean ± standard deviation (SD).
Superscript letters represent significant differences.
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Among the annotated metabolites, globoidnan A, globoidnan B, rosmarinic acid,
rabdosiin, and sagerinic acid were consistent with previous reports for L. fruticosus and other
members of the Boraginaceae family [9,10]. In contrast, kaempferol, jaceidin 7-rhamnoside,
schizotenuin F, senburiside III, cosmosporaside B, lirioresinol A, and (−)-steganacin have
not previously been reported in L. fruticosus, to the best of our knowledge. Although these
metabolites were putatively identified (MSI Level 2), their detection expands the currently
known phytochemical profile of the species and suggests that L. fruticosus may possess
greater chemical diversity than previously recognized.

Previous phytochemical investigations of L. fruticosus have primarily focused on pop-
ulations distributed across the Western Cape Province [10]. The present study extends this
knowledge by characterizing wild populations from Rhodes Memorial, Doringrivier, and
Grootnek Fontein. The inclusion of these geographically distinct populations provides
further insight into the influence of environmental conditions on secondary metabolite
accumulation and chemotypic variation. Collectively, these findings broaden the current
understanding of the phytochemical diversity of L. fruticosus and provide a valuable foun-
dation for future studies on its medicinal potential, quality standardization, conservation,
and sustainable utilization.

3.1.1. Flavonoids

Flavonoids constituted one of the major classes of secondary metabolites detected in L.
fruticosus and exhibited significant differences among the three geographical populations
(Table 2). Rutin was the most abundant flavonoid and showed significant (p < 0.05)
variation, with the highest abundance recorded in Doringrivier (4815.60 ± 18.96 mg CE g−1

DW), followed by Grootnek Fontein (4095.59 ± 170.34 mg CE g−1 DW), whereas Rhodes
Memorial contained significantly lower levels (759.86 ± 46.93 mg CE g−1 DW). Rutin is a
widely distributed flavonol glycoside with well-documented antioxidant activity [15,22].

Cirsimaritin displayed an opposite geographical trend, with the highest abundance
detected in Rhodes Memorial (22.69 ± 2.32 mg CE g−1 DW), followed by Doringrivier
(16.97 ± 0.61 mg CE g−1 DW) and Grootnek Fontein (10.30 ± 2.11 mg CE g−1 DW).
This contrasting distribution may reflect differences in flavonoid biosynthesis among the
geographical populations. Cirsimaritin has previously been reported in several medicinal
plant species, including Microtea debilis, Cirsium japonicum, Lithocarpus dealbatus, Ocimum
sanctum, and Artemisia judaica, where it has been associated with antioxidant and anti-
inflammatory activities [23–26].

Additional flavonoids also exhibited location-dependent accumulation patterns. Jacei-
din 7-rhamnoside showed significant (p < 0.05) geographical variation, with the highest
abundance recorded in Rhodes Memorial (95.01 ± 17.28 mg CE g−1 DW), followed by
Doringrivier (63.59 ± 2.20 mg CE g−1 DW), whereas Grootnek Fontein contained the lowest
abundance (24.94 ± 0.05 mg CE g−1 DW). Similarly, kaempferol was most abundant in
Rhodes Memorial (79.19 ± 1.56 mg CE g−1 DW), followed by Doringrivier (48.58 ± 2.91 mg
CE g−1 DW) and Grootnek Fontein (44.71 ± 2.70 mg CE g−1 DW). These geographical
differences in flavonoid accumulation further demonstrate the influence of environmen-
tal conditions on secondary metabolite biosynthesis and contribute to the chemotypic
differentiation observed among the three L. fruticosus populations [22,27].

3.1.2. Phenolic Acid Derivatives and Phenylpropanoids

Phenolic acid derivatives constituted the predominant metabolite class detected in L.
fruticosus. Rosmarinic acid was the most abundant metabolite identified and differed signif-
icantly (p < 0.05) among the three populations, with the highest relative abundance estimate
recorded in Doringrivier (3846.89 ± 285.78 mg CE g−1 DW), followed by Grootnek Fontein
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(3289.76 ± 870.83 mg CE g−1 DW), whereas Rhodes Memorial exhibited significantly lower
relative abundance estimates (1953.26 ± 109.68 mg CE g−1 DW). Rosmarinic acid is a
characteristic phenylpropanoid of the Boraginaceae family and contributes substantially to
the antioxidant capacity of many medicinal plants [28,29].

Rabdosiin and the caffeic acid oligomers globoidnan A and globoidnan B also exhibited
significant geographical variation (p < 0.05). Rabdosiin showed the highest relative abun-
dance estimates in Doringrivier (5142.10 ± 651.00 mg CE g−1 DW), followed by Grootnek
Fontein (4398.16 ± 124.51 mg CE g−1 DW), whereas Rhodes Memorial exhibited sub-
stantially lower relative abundance estimates (1255.87 ± 184.74 mg CE g−1 DW). A similar
trend was observed for globoidnan B, which showed higher relative abundance estimates in
Doringrivier (3449.69 ± 59.51 mg CE g−1 DW) and Grootnek Fontein (3582.69 ± 99.60 mg
CE g−1 DW) than in Rhodes Memorial (1273.44 ± 49.93 mg CE g−1 DW). Conversely,
globoidnan A showed the highest relative abundance estimate in Grootnek Fontein
(835.08 ± 51.23 mg CE g−1 DW), followed by Doringrivier (692.13 ± 6.16 mg CE g−1 DW),
while Rhodes Memorial exhibited the lowest relative abundance estimate (588.09 ± 4.73 mg
CE g−1 DW). These caffeic acid oligomers are implicated in antioxidant defence and plant
protection against environmental stress [6,30].

Schizotenuin F also exhibited significant differences among populations, with the
highest relative abundance estimate observed in Grootnek Fontein (284.07 ± 8.90 mg CE
g−1 DW), followed by Doringrivier (261.78 ± 9.76 mg CE g−1 DW), while considerably
lower relative abundance estimates were detected in Rhodes Memorial (96.16 ± 17.39 mg
CE g−1 DW). Collectively, the variation observed among these phenolic acid derivatives
indicates that environmental conditions may influence secondary metabolite biosynthesis
and contribute to the chemotypic differentiation of L. fruticosus populations [30].

3.1.3. Lignan and Related Compounds

Among the lignan-related metabolites, sagerinic acid exhibited significant (p < 0.05)
geographical variation, with the highest relative abundance estimate recorded in Doringriv-
ier (1990.83 ± 11.24 mg CE g−1 DW), followed by Grootnek Fontein (1331.93 ± 74.89 mg
CE g−1 DW), whereas Rhodes Memorial exhibited the lowest relative abundance esti-
mate (713.98 ± 18.48 mg CE g−1 DW). Sagerinic acid is a caffeic acid tetramer derived
from the phenylpropanoid pathway and has been associated with antioxidant activity and
plant defence against abiotic stress [30]. The lignan-type metabolites lirioresinol A and (−)-
steganacin also differed significantly among populations. Lirioresinol A showed the highest
relative abundance estimate in Grootnek Fontein (53.55 ± 7.07 mg CE g−1 DW), followed
by Rhodes Memorial (40.64 ± 3.66 mg CE g−1 DW) and Doringrivier (32.91 ± 0.08 mg
CE g−1 DW). Similarly, (−)-steganacin exhibited the highest relative abundance estimate
in Grootnek Fontein (40.85 ± 13.22 mg CE g−1 DW), while considerably lower relative
abundance estimates were detected in Rhodes Memorial (13.11 ± 1.05 mg CE g−1 DW)
and Doringrivier (1.88 ± 0.16 mg CE g−1 DW). Lignans play important roles in plant
defence and oxidative stress tolerance and may contribute to the ecological adaptation of L.
fruticosus populations growing under different environmental conditions [31].

3.1.4. Glycosides and Other Specialized Metabolites

Several glycosylated secondary metabolites also exhibited significant geographical
variation among the three L. fruticosus populations. Smiglaside B showed the high-
est relative abundance estimate in Rhodes Memorial (144.05 ± 30.77 mg CE g−1 DW),
whereas substantially lower relative abundance estimates were recorded in Doringrivier
(22.59 ± 0.30 mg CE g−1 DW) and Grootnek Fontein (15.13 ± 3.52 mg CE g−1 DW). The
greater relative abundance of Smiglaside B in the Rhodes Memorial population suggests
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that local environmental conditions may promote its biosynthesis. Phenolic glycosides
such as Smiglaside B are associated with antioxidant activity and plant defence responses
under environmental stress [32].

Senburiside III followed a similar pattern, exhibiting its highest relative abundance
estimate in Rhodes Memorial (181.97 ± 12.63 mg CE g−1 DW), followed by Grootnek
Fontein (149.72 ± 20.54 mg CE g−1 DW) and Doringrivier (85.76 ± 1.22 mg CE g−1 DW). In
contrast, cosmosporaside B showed the highest relative abundance estimate in Doringriv-
ier (56.29 ± 1.83 mg CE g−1 DW), with lower relative abundance estimates detected in
Grootnek Fontein (33.61 ± 8.54 mg CE g−1 DW) and Rhodes Memorial (24.69 ± 1.36 mg
CE g−1 DW). The contrasting distribution of these glycosylated metabolites contributes to
the chemotypic differentiation observed among L. fruticosus populations.

3.2. Quantification of Pyrrolizidine Alkaloids

Targeted LC-MS/MS analysis of pyrrolizidine alkaloids (PAs) (Table 3) was performed
using authentic lycopsamine and lycopsamine N-oxide reference standards. Ten targeted
PAs were screened in L. fruticosus leaf extracts from the three geographical populations.
Six PAs were detected, while the remaining compounds were below the limit of detection.
Lycopsamine N-oxide was the predominant PA detected across all populations, with
concentrations of 3.89, 3.77, and 0.32 mg kg−1 dry weight (DW) in Grootnek Fontein,
Doringrivier, and Rhodes Memorial, respectively. Lycopsamine + indicine occurred at
lower concentrations, ranging from 0.001 to 0.100 mg kg−1 DW. Other detected alkaloids,
including seneciphylline N-oxide/spatioidine N-oxide, integerrimine N-oxide, intermedine,
and echimidine N-oxide, were present only at trace levels (0.001 mg kg−1 DW) and were
detected in one or two populations.

Table 3. Quantification of pyrrolizidine alkaloids in Lobostemon fruticosus leaves from three geograph-
ical locations.

Compounds: Pyrrolizidine
Alkaloids

Locations

Grootnek Fontein
(mg kg−1)

Doringrivier
(mg kg−1)

Rhodes Memorial
(mg kg−1)

Lycopsamine + Indicine 0.001 0.100 0.023
Lycopsamine-N-Oxide 3.89 3.77 0.320

Seneciphyline-N-oxide and
spatioidine-N-oxide 0.001 _ _

Integerrimine-N-oxide 0.001 _ _
Intermedine _ 0.001 _

Intermedine-N-oxide _ _ _
Heliotrine-N-oxide _ _ _
Europine-N-oxide _ _ _

Echimidine _ _ _
Echimidine-N-oxide 0.001 _ _

Total pyrrolizidine alkaloids 3.894 3.880 0.343

The total detected PA concentration was 3.894 mg kg−1 DW in Grootnek Fontein,
3.880 mg kg−1 DW in Doringrivier, and 0.343 mg kg−1 DW in Rhodes Memorial. These
values were considerably lower than the previously reported PA concentrations of
53–169 mg kg−1 for L. fruticosus [10]. Although targeted PA analysis was performed using
single composite samples per population and therefore does not allow statistical compari-
son among populations, the observed variation suggests differences in PA accumulation
among geographical populations.

https://doi.org/10.3390/horticulturae12080957

https://doi.org/10.3390/horticulturae12080957


Horticulturae 2026, 12, 957 12 of 23

The predominance of lycopsamine N-oxide agrees with previous reports identifying
this compound as the major pyrrolizidine alkaloid in L. fruticosus [9]. In Boraginaceae
species, PAs commonly occur as N-oxide derivatives, which serve as storage forms due
to their higher water solubility and reduced phytotoxicity within plant tissues [33,34].
Differences in PA composition among populations may be influenced by environmental
factors and nutrient status, although genetic contributions cannot be excluded.

Although PAs are recognized for their potential hepatotoxic and genotoxic effects
following metabolic activation [13], the concentrations detected in this study were rela-
tively low compared with previously reported values. Nevertheless, the detection of these
compounds highlights the importance of PA monitoring in L. fruticosus, particularly where
medicinal or commercial applications are considered. Future studies incorporating larger
sample sizes, biological replication, seasonal sampling, and controlled cultivation experi-
ments are required to better understand the environmental and genetic factors regulating
PA accumulation and to support quality and safety assessment of this species.

3.3. Multivariate Analysis and Chemotypic Variation in Lobostemon fruticosus

The high sensitivity and mass accuracy of UPLC-QTOF-MS enabled comprehensive
metabolite profiling of L. fruticosus, revealing marked phytochemical variation among the
three geographical populations. Principal Component Analysis (PCA), performed using
the processed metabolomic feature matrix generated following MarkerLynx preprocessing,
demonstrated clear chemotypic differentiation among the three geographical populations.
The first two principal components explained 97.2% of the total variation (PC1 = 72.6%;
PC2 = 24.6%) (Figure 3). The three geographical populations formed distinct and non-
overlapping clusters, indicating pronounced differences in their secondary metabolite
composition. The PCA score plot (Figure 3) showed that Principal Component 1 (PC1)
primarily separated the Rhodes Memorial population from the Doringrivier and Grootnek
Fontein populations, whereas Principal Component 2 (PC2) distinguished Doringrivier
from Grootnek Fontein. The close clustering of biological replicates within each population
indicates good analytical reproducibility and low within-population variability, while the
clear separation among populations suggests substantial chemotypic divergence associated
with geographical origin.

To facilitate group comparisons, Orthogonal Partial Least Squares-Discriminant Anal-
ysis (OPLS-DA) was performed by combining the Doringrivier and Grootnek Fontein
populations into a single group (GNF_DR) and comparing them with the Rhodes Memorial
population. This grouping was based on the close geographical proximity of the Dor-
ingrivier and Grootnek Fontein sampling sites, which are situated adjacent to one another
and experience similar environmental conditions. Consistent with this, the PCA showed
that samples from these two populations clustered more closely together than with the
Rhodes Memorial population, indicating greater similarity in their metabolite profiles. The
OPLS-DA score plot (Figure 4) showed clear separation between the GNF_DR and Rhodes
Memorial groups along the predictive component, indicating marked differences in metabo-
lite composition. The OPLS-DA model yielded R2X = 0.725, R2Y = 0.998, and Q2 = 0.994
for the predictive component (Figure 5), indicating strong model fit and predictive ability.
However, these results should be interpreted with caution due to the limited sample size,
which may increase the risk of model overfitting. Nevertheless, the OPLS-DA results were
consistent with the PCA model and support the existence of geographical variation in the
metabolome of L. fruticosus.
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Figure 3. Principal Component Analysis (PCA) score plot of secondary metabolites in Lobostemon
fruticosus leaf extracts collected from three geographical populations in the Western Cape Province,
South Africa.

Collectively, the PCA and OPLS-DA analyses demonstrate that geographical origin
exerts a strong influence on the secondary metabolite composition of L. fruticosus. The
observed chemotypic variation is likely associated with differences in environmental con-
ditions, including climate, soil characteristics, altitude, water availability, and nutrient
status among the study sites. Such geographical variation has important implications for
the quality control, standardization, safety assessment, and therapeutic consistency of L.
fruticosus-derived medicinal products.

Heat map analysis further supported the multivariate statistical results by reveal-
ing distinct metabolite accumulation patterns among the three geographical populations
(Figure 6). Hierarchical clustering grouped the Doringrivier and Grootnek Fontein popula-
tions together, whereas Rhodes Memorial formed a separate cluster. This clustering pattern
is likely attributable to the close geographical proximity of the Doringrivier and Grootnek
Fontein sites and their similar environmental conditions, which may have contributed
to comparable metabolite accumulation patterns. Metabolites such as rosmarinic acid,
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sagerinic acid, globoidnan A, globoidnan B, rabdosiin, and rutin were generally more
abundant in the Doringrivier and Grootnek Fontein populations, whereas cirsimaritin,
kaempferol, jaceidin 7-rhamnoside, senburiside III, and Smiglaside B showed relatively
greater abundance in the Rhodes Memorial population. These metabolite distribution pat-
terns are consistent with the PCA and OPLS-DA models and further support the existence
of distinct location-specific chemotypes in L. fruticosus.

Figure 4. Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) of (T score [1]) vs.
(Orthogonal T score [1]) scores plot of Lobostemon fruticosus secondary metabolites from three different
locations of the Western Cape province of South Africa analysed using UPLC-QTOF-MS.
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Figure 5. Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) Model of Lobostemon
fruticosus samples.

Figure 6. The heat map showing different concentration intensities of Lobostemon fruticosus secondary
metabolites in the Western Cape province of South Africa.

3.4. Box-and-Whisker Plots of Selected Metabolites

Box-and-whisker plots of selected discriminatory metabolites further illustrated the
geographical variation in metabolite abundance among the three L. fruticosus populations
(Figure 7). Cirsimaritin exhibited consistently greater abundance in the Rhodes Memorial
population compared with the Doringrivier and Grootnek Fontein populations (Figure 7A).
In addition, Rhodes Memorial samples displayed relatively narrow interquartile ranges,
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indicating lower within-population variability and a more uniform accumulation pattern
for this metabolite. The higher abundance of cirsimaritin at this site may reflect differential
regulation of flavonoid biosynthesis in response to local environmental conditions.

A 

B 

Figure 7. Cont.
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Smiglaside B C 

Figure 7. Box-and-whisker plots of secondary metabolites: Cirsimaritin (A); Lycopsamine-N-Oxide
(B) and Smiglaside B (C) detected in the leaves of L. fruticosus from 3 different locations of the Western
Cape province.

In contrast, lycopsamine N-oxide showed higher relative abundance in the Doringriv-
ier and Grootnek Fontein populations compared with Rhodes Memorial (Figure 7B). This
pattern agrees with the targeted LC-MS/MS analysis, which identified lycopsamine N-
oxide as the predominant pyrrolizidine alkaloid detected across the three populations.
Similarly, Smiglaside B exhibited greater abundance in Rhodes Memorial compared with
the Doringrivier and Grootnek Fontein populations (Figure 7C). Collectively, these metabo-
lites contributed to the chemotypic differentiation observed among the populations and
represent potential chemical markers associated with geographical variation in L. fruticosus.

Differential metabolite significance analysis based on the untargeted UPLC-QTOF-
MS dataset identified several metabolites that significantly distinguished the combined
Doringrivier–Grootnek Fontein (GNF_DR) group from the Rhodes Memorial population
(Figure 8; Table 4). Lycopsamine N-oxide, lycopsamine, globoidnan B, rutin, and rabdosiin
were among the important discriminating features contributing to population separation.
The detection of pyrrolizidine alkaloids within the untargeted metabolomic dataset further
supports their contribution to chemotypic differentiation among L. fruticosus populations.
These findings are consistent with the PCA, OPLS-DA, and heat map analyses, demonstrat-
ing that geographical origin influences both specialized metabolite composition and PA
distribution within this species.
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Figure 8. T-test analysis showing clear differences in the distribution of compounds.

Table 4. ANOVA post hoc analysis.

Metabolite f.Value p.Value LOG10(p) FDR Tukey’s HSD

Lycopsamine-
N-Oxide 3635.5 5.61 × 10−10 9.2514 1.18 × 10−8 Rhodes Memorial-DR;

Rhodes Memorial-GNF

Rutin 1726.9 5.22 × 10−9 8.2827 5.48 × 10−8
GNF-DR; Rhodes

Memorial-DR; Rhodes
Memorial-GNF

Lycopsamine 1225.9 1.46 × 10−8 7.8371 8.17 × 10−8 Rhodes Memorial-DR;
Rhodes Memorial-GNF

Globoidnan B 1198.4 1.56 × 10−8 7.8077 8.17 × 10−8 Rhodes Memorial-DR;
Rhodes Memorial-GNF

Sagerinic acid 621.4 1.11 × 10−7 6.955 4.66 × 10−7
GNF-DR; Rhodes

Memorial-DR; Rhodes
Memorial-GNF

323_4.69 287.89 1.10 × 10−6 5.9598 3.84 × 10−6
GNF-DR; Rhodes

Memorial-DR; Rhodes
Memorial-GNF

455_9.039 142.59 8.75 × 10−6 5.058 2.63 × 10−5
GNF-DR; Rhodes

Memorial-DR; Rhodes
Memorial-GNF

Rabdosiin 136.15 1.00 × 10−5 4.9991 2.63 × 10−5 Rhodes Memorial-DR;
Rhodes Memorial-GNF

953_8.05 123.91 1.32 × 10−5 4.8791 2.85 × 10−5 Rhodes Memorial-DR;
Rhodes Memorial-GNF

433_5.71 122.84 1.35 × 10−5 4.8681 2.85 × 10−5
GNF-DR; Rhodes

Memorial-DR; Rhodes
Memorial-GNF

https://doi.org/10.3390/horticulturae12080957

https://doi.org/10.3390/horticulturae12080957


Horticulturae 2026, 12, 957 19 of 23

Table 4. Cont.

Metabolite f.Value p.Value LOG10(p) FDR Tukey’s HSD

551_6.8 103.22 2.25 × 10−5 4.6473 3.94 × 10−5 Rhodes Memorial-DR;
Rhodes Memorial-GNF

505_9.2 85.493 3.90 × 10−5 4.4094 6.29 × 10−5
GNF-DR; Rhodes

Memorial-DR; Rhodes
Memorial-GNF

Globoidnan A 72.106 6.37 × 10−5 4.1957 9.56 × 10−5
GNF-DR; Rhodes

Memorial-DR; Rhodes
Memorial-GNF

983_8.2 65.679 8.33 × 10−5 4.0791 0.0001167 GNF-DR; Rhodes
Memorial-DR

983_7.39 54.583 0.00014141 3.8495 0.0001856 GNF-DR; Rhodes
Memorial-DR

Cirsimaritin 30.31 0.00073055 3.1363 0.0009024 GNF-DR; Rhodes
Memorial-GNF

459_9.25 25.414 0.0011769 2.9292 0.0013731 GNF-DR; Rhodes
Memorial-DR

417_7.7 18.957 0.0025507 2.5933 0.0028192 GNF-DR; Rhodes
Memorial-GNF

431_7.85 17.394 0.003183 2.4972 0.0033422 Rhodes Memorial-DR;
Rhodes Memorial-GNF

Rosmarinic acid 15.604 0.0041929 2.3775 0.0041929 Rhodes Memorial-DR;
Rhodes Memorial-GNF

4. Conclusions
This study provides the first comprehensive comparison of the secondary metabolite

profiles of L. fruticosus collected from the Rhodes Memorial, Doringrivier, and Grootnek
Fontein populations in the Western Cape Province of South Africa using an integrated
untargeted UPLC-QTOF-MS and targeted LC-MS/MS approach. Untargeted metabo-
lite profiling resulted in the annotation of fifteen secondary metabolites at Metabolomics
Standards Initiative (MSI) Level 2, representing diverse phytochemical classes, including
flavonoids, phenolic acid derivatives, phenylpropanoids, lignans, sesquiterpenoids, and
fatty acyl glycosides. Several compounds, including kaempferol, jaceidin 7-rhamnoside,
schizotenuin F, senburiside III, cosmosporaside B, lirioresinol A, and (−)-steganacin, are
reported for the first time in L. fruticosus, thereby expanding the currently known phyto-
chemical diversity of this indigenous medicinal species.

Significant geographical variation was observed in the relative abundance of sev-
eral secondary metabolites, particularly rutin, rosmarinic acid, rabdosiin, globoidnan A,
globoidnan B, sagerinic acid, and several flavonoid and lignan derivatives. Chemometric
analyses, including PCA, OPLS-DA, hierarchical clustering, and differential metabolite
analysis, consistently demonstrated distinct chemotypic differentiation among the three
geographical populations. These findings indicate that geographical origin, together with
associated environmental factors such as soil characteristics, climate, altitude, and water
availability, contributes substantially to variation in the secondary metabolite composition
of L. fruticosus. Rather than identifying a single superior population, the results demonstrate
that each geographical population possesses a unique phytochemical profile, with Dor-
ingrivier and Grootnek Fontein showing greater similarity in their untargeted metabolite
profiles, whereas Rhodes Memorial exhibited distinct accumulation patterns for selected
flavonoids and glycosylated metabolites.
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Targeted LC-MS/MS analysis was subsequently employed to confirm and quantify
selected pyrrolizidine alkaloids using authentic reference standards. Lycopsamine N-oxide
was identified as the predominant pyrrolizidine alkaloid detected across the three popula-
tions, while the overall PA concentrations were relatively low compared with previously
reported values for L. fruticosus. Although PA-related features contributed to metabolomic
differentiation in the untargeted dataset, their accurate identification and quantification
required targeted analysis. The detection of these toxic alkaloids highlights the impor-
tance of routine safety evaluation and quality control when L. fruticosus is considered for
medicinal applications.

The discriminatory metabolites identified through untargeted metabolomics repre-
sent potential chemical markers for population differentiation, quality assessment, and
future selection of plant material for medicinal and commercial applications. Overall, this
study advances the understanding of phytochemical diversity and chemotypic variation
in L. fruticosus and provides a foundation for quality control, chemotype selection, culti-
vation strategies, conservation planning, and the development of safe and standardized
phytotherapeutic products derived from this species.

Future studies should focus on confirming the identity of putatively annotated metabo-
lites using authentic reference standards, investigating the biological activities of major
discriminatory compounds, and elucidating the genetic and environmental mechanisms
underlying chemotypic variation. Additional research should evaluate seasonal and devel-
opmental effects on metabolite accumulation, together with comprehensive toxicological
assessments of pyrrolizidine alkaloids, including dose–response relationships, bioavail-
ability, and in vivo safety evaluations. Such investigations will support the sustainable
utilization, conservation, and responsible integration of L. fruticosus into evidence-based
phytotherapeutic applications.

Limitations of the Study

This study was limited to three wild populations of L. fruticosus from the Western
Cape Province and may not fully represent the phytochemical diversity of the species
across its distribution range. Untargeted UPLC-QTOF-MS profiling was performed using
three biological composite replicates per population, whereas targeted LC-MS/MS analysis
of pyrrolizidine alkaloids (PAs) was conducted on one composite sample per population.
Therefore, PA results provide quantitative estimates of detected alkaloids but do not allow
assessment of within-population variability or statistical comparison among populations.

Although UPLC-QTOF-MS enabled comprehensive metabolite profiling, most com-
pounds were annotated as MSI Level 2 (putatively identified) due to the limited availability
of authentic standards. Further confirmation using reference standards or complementary
techniques such as NMR is required. In addition, metabolite abundance was expressed as
catechin equivalents, providing relative rather than absolute quantification.

Quality control samples were not included during untargeted metabolomic analy-
sis; however, instrument calibration and lock-mass correction ensured analytical accu-
racy. Future studies should incorporate QC samples to strengthen analytical validation.
Furthermore, sampling was conducted during a single season, and therefore seasonal,
developmental, and environmental effects on metabolite accumulation require further
investigation through multi-seasonal studies, expanded populations, and controlled culti-
vation experiments.
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Appendix A

 

Figure A1. Total Ion Chromatogram (TIC) of Lobostemon fruticosus leaf extract in negative ES mode.
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